Two-electron sum-momentum distributions from nonsequential double ionization of He in an intense laser field are analyzed. The results of a S-matrix calculation show that the inelastic scattering of the first electron with the residual ion is best considered as a ͑internal͒ laser-induced impact ionization. The parallel component of the sum momentum is found to be largest when the prescattering electron energy is close to zero. This is due to the fact that a large momentum transfer between the sum momentum in the final state and the impact momentum in the intermediate state along the polarization axis favors the absorption of field energy by the two-electron system during the scattering process. Nonsequential double ionization of atoms is currently one of the most vigorously discussed problems in strong-field atomic physics. Recently, numerical results, based on the correlated energy sharing mechanism ͓1-3͔, for the recoilion momentum as well as electron momenta and energy distributions are found ͓2,3͔ to be in good agreement with experimental observations ͓4 -6͔. The correlated energy sharing mechanism is visualized for the case of double ionization of the He atom by the Feynman diagram in Fig. 1 : first one of the two electrons becomes active and propagates after the absorption of photon energy from the field at time t 1 in the intermediate Volkov or field dressed states ͕k͖ ͓7͔, while the second electron propagates in the virtual states of the ion ͕ j͖. Then, the active electron shares its energy via the electron-electron correlation interaction V C ϭ1/r 12 with the other electron at time t 2 , resulting in the escape of both electrons together with momenta k a and k b . In the final state of the process the electrons are affected by the laser field and are best described by Volkov states ͓2͔. The diagram contains ͓2,8͔ both the antenna model ͓9͔ and the rescattering mechanism ͓10͔.
Nonsequential double ionization of atoms is currently one of the most vigorously discussed problems in strong-field atomic physics. Recently, numerical results, based on the correlated energy sharing mechanism ͓1-3͔, for the recoilion momentum as well as electron momenta and energy distributions are found ͓2,3͔ to be in good agreement with experimental observations ͓4 -6͔. The correlated energy sharing mechanism is visualized for the case of double ionization of the He atom by the Feynman diagram in Fig. 1 : first one of the two electrons becomes active and propagates after the absorption of photon energy from the field at time t 1 in the intermediate Volkov or field dressed states ͕k͖ ͓7͔, while the second electron propagates in the virtual states of the ion ͕ j͖. Then, the active electron shares its energy via the electron-electron correlation interaction V C ϭ1/r 12 with the other electron at time t 2 , resulting in the escape of both electrons together with momenta k a and k b . In the final state of the process the electrons are affected by the laser field and are best described by Volkov states ͓2͔. The diagram contains ͓2,8͔ both the antenna model ͓9͔ and the rescattering mechanism ͓10͔.
Note that the second step of the double ionization mechanism, distinguished by the shadowed part in Fig. 1 , essentially represents an ͑internal͒ electron-impact ionization of the residual ion in the presence of a strong laser field at different incident energies. The distribution of the incident energies is determined by the amplitudes for absorption of different numbers of photons from the field by the active electron in the ͑internal͒ above-threshold-ionization-͑ATI-͒like process in the first step of the process. If the drift energy of the active electron k 2 /2 exceeds the energy needed to liberate the second electron, we may speak of a laserassisted ionizational collision, otherwise of a laser-induced impact ionization.
In this paper, we investigate the relative role of active electrons with different drift energies in the intermediate state on the double-ionization process by performing calculations for the sum-momentum distributions of the two electrons emitted from He. The amplitude, corresponding to the Feynman diagram in Fig. 1 , can be written as ͓2,3͔ ͑Hartree atomic units, បϭeϭmϭ1, are used͒
where T N (NSDI) is given by For the actual calculations analytic atomic wave functions ͓11͔ are used, the sixfold space integrations in Eq. ͑2͒ are carried out analytically, the radial integration in k is performed by pole approximation, and the two integrals over the angles of k as well as the sum over n are performed numerically. The contribution of the lowest term of the sum over j, corresponding to the ground state of the He ϩ ion, is only retained since it is found to dominate over the contributions from any excited state ͓1͔.
For the analysis of the results obtained for the momentum distributions from nonsequential double ionization, we found it instructive to investigate the ͑sub͒process of electronimpact ionization of the ion in a laser field itself as well. The latter is a basic strong-field process ͑for a recent review, see, e.g., Ref. ͓12͔͒ and elaborate numerical studies of the role of laser dressing of the target states on the sixfold differential cross sections have been performed ͑e.g., ͓13͔͒. Using these theories to obtain the momentum distributions of present interest would result in time-consuming calculations. Since here, we are interested in a qualitative physical understanding of the relative role of laser-assisted and laser-induced impact ionization during the more complex double ionization process, we have restricted ourselves to perform calculations using a first Born approximation treatment for the scattering process and Volkov plane-wave states for the incident and the ejected electrons. The rate of electron impact ionization of ground state He ϩ with initial electron momentum k 0 is then given as
with
The two-electron sum-momentum distributions parallel and perpendicular to the laser polarization axis are obtained by integration of the sixfold differential rates, Eqs. ͑1͒ and ͑3͒, over the remaining momentum components and the summation over all N satisfying the ␦ constraints. The integrations are carried out using the Monte Carlo method.
We have performed calculations of the two-electron summomentum distributions for He atom parallel and perpendicular to the polarization axis of a linearly polarized Ti:sapphire laser field. In all calculations, we have chosen the laser parameters to be identical to those in the observations of the recoil-ion momentum from He atom by Weber et al. ͓4͔, i.e., ϭ800 nm and Iϭ6.6ϫ10 14 W/cm 2 . Note that the results of the present S-matrix theory were found ͓2͔ to agree well with the experimental observations ͓4͔ at these laser parameters.
Here, our aim is to analyze the relative role of active electrons with different drift energies in the intermediate Volkov states, ͕k͖, on the nonsequential process and the experimental observables. To this end, we have calculated hypothetical momentum distributions by deliberately restricting the absolute value of the intermediate electron drift momentum k in Eq. ͑2͒ and compared them with those of the full calculations.
We first consider the two-electron sum-momentum distributions parallel to the polarization axis. The hypothetical distributions for three different upper limits of the intermediate electron energy, namely, k 2 /2Ͻ5 eV, 10 eV, and 20 eV, are shown in Fig. 2 ͑hatched areas͒ along with those of the full calculation ͑squares͒. The restrictions have a drastic effect on the momentum distributions. It is seen from the figure that the parallel momentum distributions are ''filled'' from the outside to the center with increasing intermediate state ͑pres-cattering͒ electron energy. The component of the sum momentum parallel to the field is obviously largest when the drift energy of the active incident electron is close to zero.
For the present laser parameters, we retained the results of the full calculations ͑within the numerical accuracy of the present Monte Carlo calculations of about Ϯ10%) as soon as we extended the energy limit to k 2 /2Ϸ50 eV or more. From these results, we may conclude that the nonsequential double ionization process is dominated by ͑internal͒ scattering processes with impact energies of the active electron well below the ionization threshold of the He ϩ ion. Thus, for the present laser parameters the second step of the nonsequential double ionization mechanism can be considered to be rather a laserinduced electron-impact ionization than a laser-assisted process.
To gain further insights into the above results, we have performed additional calculations of the sum-momentum distributions from electron-impact ionization of He ϩ in a laser field. We have considered electron impact in the direction of the positive z axis ͑i.e., the polarization axis͒, since in the ͑internal͒ ATI-like ionization electrons are mainly ejected along the polarization axis ͑c.f., e.g., Ref. ͓4͔͒. The results of our calculations for the parallel component of sum momentum are shown in Fig. 3 ; panels ͑a͒, ͑b͒, and ͑c͒ correspond to different energies of the incident electron, namely, 5 eV, 30 eV, and 200 eV, respectively.
One can see that in all cases the shapes of the distributions are narrow and rather similar. The position of the peak, however, changes largely with change of the kinetic energy of the incident electron. Whereas for E 0 ϭk 0 2 /2 equal to 5 eV ͓panel ͑a͔͒ and 30 eV ͓panel ͑b͔͒ the maximum occurs for a sum momentum, whose parallel component is in opposite direction to the momentum of the incident electron, for the highest electron energy ͓200 eV, panel ͑c͔͒ the largest rate is found for a parallel component in the same direction as the incident electron momentum.
The shift of the maximum is closely related to the relation of the kinetic energy of the incident electron E 0 to the threshold energy E tr ϭE 1s ϩU p ϭ93.87 eV needed to liberate the second electron. If the initial energy exceeds the threshold energy the maximum of the sum-momentum distribution appears at (k a ϩk b ) par. Ϸͱ2(E 0 ϪE tr )ϭ2.79 a.u. ͓for E 0 ϭ200 eV, Fig. 3͑c͔͒ . This indicates a high probability for an exchange of a net number of zero photons between the field and the two-electron system, as expected for a laser-assisted process.
On the contrary, for small initial energies with E 0 ϽE tr the two electrons need to absorb photons from the field to escape from the residual ion. The probability to achieve the required energy transfer is largest for large momentum transfers along the polarization direction between the twoelectron sum momentum k a ϩk b and the initial momentum k 0 . This can be readily understood from the cut off property of the generalized Bessel function in Eq. ͑4͒, that it tends to have significant values only up to orders that are comparable to their first argument and fall-off exponentially beyond ͓14͔. Thus, rate contributions for the absorption of a large number of photons N from the field are most relevant for large arguments ␣ 0 •(k a ϩk b Ϫk 0 ), or, equivalently in the present case of electron impact along the polarization direction, when (k a ϩk b )ʈϪk 0 . Further, the absolute value of the sum momentum is expected to be larger, the smaller the initial kinetic energy is and, consequently, the larger has to be the support from the field to initiate the (e,2e) process, which is what we observe from the results in Fig. 3͑a ,b͒. These conclusions are in agreement with the results for the distributions for nonsequential double ionization ͑c.f., Fig. 2͒ , that a restriction of the intermediate-state electron energy to low values lead to large sum-momentum components along the polarization axis. Our results concerning the kinematics FIG. 3 . Two-electron sum-momentum distributions from (e,2e) processes in the direction parallel to the polarization axis. The incident electron momentum is chosen to be in the direction of the positive z axis ͑polarization axis͒. The panels correspond to kinetic energies of the incident electron equal to ͑a͒ 5 eV, ͑b͒ 30 eV, and ͑c͒ 200 eV. The laser parameters are ϭ800 nm and Iϭ6.6 ϫ10 14 W/cm 2 .
FIG. 4. Two-electron sum-momentum distributions from nonsequential double ionization of He atom perpendicular to the laser polarization axis; the rest as in Fig. 2. also agree with considerations based on adiabatic transition theory ͓9͑c͔͒.
We further note that the above findings are in close analogy to previous results from laser-assisted elastic-scattering processes, in which an electron, incident along the polarization axis, gains maximum energy from the field when it is backscattered ͓16͔. In this respect, it is the sum momentum of the two electrons that replaces in the nonsequential double ionization the momentum of the scattered electron in elastic rescattering of ATI.
Finally, we present in Fig. 4 the results of our calculations for the perpendicular component of the sum-momentum distribution from nonsequential double ionization. The restriction of the kinetic energy in the intermediate state does not affect the overall shape of the distribution, but only reduces its absolute rate. This may be expected, since the field does not couple to the electron momentum components perpendicular to the polarization axis ͓2͔ and, hence, the strength of the field support during the impact ionization process does not affect the perpendicular momentum distributions.
In conclusion, results of numerical calculations for the two-electron sum-momentum distributions show that laserinduced processes with incident electrons having drift energies well below the ionization threshold of He ϩ ion dominate the nonsequential double ionization process. It is further seen that small prescattering electron energies in the intermediate state lead to a large sum momentum of the two electrons in the final state. This is due to the fact that the required additional energy transfer from the field to liberate the second electron is most probable, when the final-state twoelectron sum-momentum is large and antiparallel to the electron momentum before the scattering process.
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